Nontypable Haemophilus influenzae are Gram-negatve bacilli that represent a common cause of human disease. These organisms initiate infection by colonizing the upper respiratory tract. Despite the essential role of colonization, the bacterial determinants of this process remain poorly defined. We recently identified a family of surface-exposed high-molecular-weight proteins of nontypable H. influenzae that are related to filamentous hemagglutinin, a critical adherence factor of BordeteUla per1ussis. The genes encoding the two such high-molecular-weight proteins (HMW-1 and HMW-2) expressed by a prototypic nontypable H. influenzae strain have now been cloned and sequenced. In this study we examined the role of the HMWs in adherence to human epithelial cells. We found that loss of expression of 1MW-1 by the prototypic strain and a 1MW-i-like protein in a heterologous nontypable H. influenzae strain markedly decreased the capacity to adhere. The absence of expression of both 1MW-1 and HMW-2 in the prototypic strain or their homologs in the second strain was associated with a further decrease in adherence. Expression of either HMW-1 or HMW-2 in nonadherent laboratory strains of Escherichia coli resulted in acquisition of the adherence phenotype. These results indicate that both HMW-1 and HMW-2 and the homologous proteins from a second strain can mediate attachment. We speculate that these proteins and the related proteins in other nontypable H.
high-molecular-weight proteins of nontypable H. influenzae that are related to filamentous hemagglutinin, a critical adherence factor of BordeteUla per1ussis. The genes encoding the two such high-molecular-weight proteins (HMW-1 and HMW-2) expressed by a prototypic nontypable H. influenzae strain have now been cloned and sequenced. In this study we examined the role of the HMWs in adherence to human epithelial cells. We found that loss of expression of 1MW-1 by the prototypic strain and a 1MW-i-like protein in a heterologous nontypable H. influenzae strain markedly decreased the capacity to adhere. The absence of expression of both 1MW-1 and HMW-2 in the prototypic strain or their homologs in the second strain was associated with a further decrease in adherence. Expression of either HMW-1 or HMW-2 in nonadherent laboratory strains of Escherichia coli resulted in acquisition of the adherence phenotype. These results indicate that both HMW-1 and HMW-2 and the homologous proteins from a second strain can mediate attachment. We speculate that these proteins and the related proteins in other nontypable H. influenzae isolates are important colonization factors.
Nontypable Haemophilus influenzae are nonencapsulated organisms that are defined by their lack of reactivity with antisera against known H. influenzae capsular antigens (1) . These organisms are an important etiology of human respiratory tract diseases, including otitis media, sinusitis, conjunctivitis, bronchitis, and pneumonia (2) . Although mortality from these diseases is uncommon, morbidity may be substantial (3). The pathogenesis of nontypable H. influenzae disease is believed to begin with colonization ofthe nasopharynx. Subsequently, there is contiguous spread within the respiratory tract to the middle ear, the sinuses, the conjunctiva, or the lungs (4) .
For a number of organisms potential colonization factors have been identified with cultured epithelial cells and in vitro assays. Perhaps the most common form of bacterial colonization factor is the pilus, a hair-like surface appendage that mediates attachment to host cells (5) . Surface pili capable of mediating agglutination of human erythrocytes and attachment to human oropharyngeal cells have been identified in a variety of H. influenzae strains (6) (7) (8) (9) . However, evidence for nonpilus adherence factors has also been described (10) (11) (12) (13) (14) (15) (16) .
Although H. influenzae pili have been purified and the structural gene has been cloned (17) (18) (19) (20) (21) , the nonpilus adhesions remain poorly characterized.
We previously identified a group of high-molecular-weight surface-exposed proteins of nontypable H. influenzae that are major targets ofhuman serum antibody (22) . Examination of a series of middle ear isolates revealed the presence of one or two such proteins in most strains. Recently the genes encoding the two high-molecular-weight proteins (HMWs) of a prototypic strain (strain 12), proteins designated HMW-1 and HMW-2, were isolated and sequenced (23) . The HMW-1 protein is 125 kDa in size and is encoded by a 4.6-kb open reading frame. The HMW-2 protein has an apparent molecular mass of 120 kDa and is encoded by a 4.4-kb open reading frame. Overall the two genes are 80%o identical; their first 1259 bp are absolutely identical. Based on their derived amino acid sequences, both proteins show sequence similarity to filamentous hemagglutinin, a surface-exposed protein of Bordetella pertussis that appears to have a central role in B. pertussis in vitro adherence and in vivo colonization (24) (25) (26) (27) (28) . Immunoblot studies demonstrate that HMW-1 and HMW-2 are also antigenically related to filamentous hemagglutinin, suggesting that these proteins may serve similar biologic functions (23) .
In influenzae types a-f (Burroughs Weilcome) and the failure to hybridize with pUO38, a plasmid that contains the entire cap b locus (29) . Strain 12 is the prototype strain from which the genes encoding the HMW-1 and HMW-2 proteins were originally isolated and sequenced. E. coli strain DH5a was obtained from Bethesda Research Laboratories. E. coli HB101 has been described (30) . The plasmid pHMW1-14 contains a 12-kb insert cloned into pT7-7 and has been described (23 Growth Conditions. H. influenzae strains were grown as described (14) . They were stored at -70°C in brain heart infusion broth with 20% glycerol or in skim milk.
E. coli strains were grown on LB agar or in LB broth (GIBCO). They were stored at -70°C in LB broth/50% (vol/vol) glycerol.
Kanamycin was used in a concentration of 20 ,ug/ml, and ampicillin was used in a concentration of 100 ,ug/ml.
Recombinant DNA Methods. DNA ligations, restriction endonuclease digestions, gel electrophoresis, and Southern analysis were done according to standard techniques (30) . Plasmids were introduced into E. coli strains by either chemical transformation or electroporation, as described (30) . H. influenzae were made competent for transformation by the MIV method of Herriott et al. (31) .
Immunoblot Analysis. Immunoblot analysis of bacterial sonicates was done to evaluate expression of HMW-1 and HMW-2. Filters were probed sequentially with absorbed polyclonal rabbit antiserum against the recombinant HMW-1 protein and alkaline-phosphatase-conjugated goat anti-rabbit IgG antibody, as described (23).
Adherence Assays. Adherence assays were done with Chang epithelial cells [Wong-Kilbourne derivative, clone 1-5c-4 (human conjunctiva)], which were seeded into wells of 24-well tissue culture plates, as described (14) . Bacteria were inoculated into broth and allowed to grow to a density of -2 x 109 colony-forming units per ml. Approximately 2 x 107 colony-forming units were inoculated onto epithelial cell monolayers, and plates were gently centrifuged at 165 x g for 5 min to facilitate contact between bacteria and the epithelial surface. After incubation for 30 min at 37°C in 5% C02, monolayers were rinsed five times with phosphate-buffered saline (PBS) to remove nonadherent organisms and were treated with trypsin-EDTA (0.05% trypsin/0.5% EDTA) in PBS to release them from the plastic support. Well contents were agitated, and dilutions were plated on solid medium to yield the number of adherent bacteria per monolayer. Percent adherence was calculated by dividing the number of adherent colony-forming units per monolayer by the number of inoculated colony-forming units.
Microscopy. Negative staining and transmission electron microscopy. Bacteria were negatively stained and examined by transmission electron microscopy, as described (9) .
Light microscopy. Samples of epithelial cells with adherent bacteria were stained with Giemsa and examined by light microscopy, as described (14) . (32) . The resultant plasmid (pHMW1-17) was linearized by digestion with Xba I and transformed into nontypable H. influenzae strain 12, followed by selection for kanamycinresistant colonies. Southern analysis of a series of these colonies demonstrated two populations oftransformants, one with an insertion in the structural gene for HMW-1 and the other with an insertion in the structural gene for HMW-2. We selected one mutant from each of these classes for further studies.
RESULTS

Construction of Mutants
To construct a mutant deficient in expression of both HMW-1 and HMW-2, we began with pHMW1-15. Like pHMW1-14, pHMW1-15 contains two EcoRI sites that span the 3' portion of the HMW-1 structural gene and the 5' portion of an adjacent downstream gene involved in expression of HMW-1. After deletion ofthe 2.1-kb fragment of DNA between these two EcoRI sites, the kanamycin cassette from pUC4K was inserted as a 1.3-kb EcoRI fragment. The resulting plasmid (pHMW1-16) was linearized by digestion with Xba I and transformed into strain 12, followed again by selection for kanamycin-resistant colonies. Southern analysis of a representative sampling of these colonies demonstrated that in seven of eight cases, insertion into loci encoding both HMW-1 and HMW-2 had occurred. We selected one such mutant for further studies. (The explanation for the predominance of double insertions of the kanamycin cassette after transformation with pHMW1-16 is unclear.)
To confirm the intended phenotypes, the mutant strains were examined by immunoblot analysis with a polyclonal antiserum against recombinant HMW-1 protein. Fig. 1 shows that the parental strain expressed both the 125-kDa HMW-1 and the 120-kDa HMW-2. In contrast, the HMW-2-mutant failed to express the 120-kDa protein, and the HMW-1-mutant failed to express the 125-kDa protein. The double mutant lacked expression of either protein. On the basis of whole-cell lysates, outer membrane profiles, and colony morphology, the wild-type strain and the mutants were otherwise identical with one another (data not shown). Transmission electron microscopy demonstrated that none of the four strains expressed pili (data not shown).
Adherence by Nontypable H. influenzae Strain 12 and the HMW-1 and HMW-2 Mutants. Initially we examined the capacity of wild-type strain 12 to adhere to Chang epithelial cells. As depicted in Table 1 (23) . Preliminary nucleotide sequence analysis indicates that one of these proteins more closely resembles HMW-1 (HMW-1-like), whereas the second is more similar to HMW-2 (HMW-2-like) (S.J.B., unpublished work). To provide additional evidence that the HMWs influence attachment of nontypable H. influenzae to human epithelial cells, we constructed strain 5 mutants deficient in expression of one or both of the HMWs and then examined these mutants for their adherence ability.
Using the plasmids pHMW1-16 and pHMW1-17 and following a scheme similar to that used with strain 12, we isolated three strain 5 mutants, including one with the kanamycin gene inserted into the hmw-l-like locus, a second with an insertion in the hmw-2-like locus, and a third with insertions in both loci. As predicted, immunoblot analysis demonstrated that the mutant with insertion of the kanamycin cassette into the hmw-l-like locus had lost expression of the 125-kDa protein, whereas the mutant with insertion into the hmw-2-like locus failed to express the 123-kDa protein. The mutant with a double insertion was unable to express either of the HMWs (data not shown).
As shown in Table 1 14.0 ± 3.7 HB101 (pT7-7)
1.2 ± 0.5 HB101 (pHMW1- 14) 93.6 ± 15.8 HB101 (pHMW2-21) 3.6 ± 0.9 *Plasmid pHMW1-14 contains the hmw-J gene cluster, whereas pHMW2-21 contains the hmw-2 gene cluster; pT7-7 is the cloning vector used in these constructs.
tNumbers represent the mean (± SEM) of measurements made in triplicate from representative experiments.
HMW-1-like protein was reduced -5-fold relative to the wild type, and attachment by the double mutant was diminished even further (-25-fold). Examination ofGiemsa-stained samples confirmed these observations (data not shown). Thus, our results with strain 5 corroborate our findings with strain 12 and HMW-1 and HMW-2. Introduction of the Genes Encoding HMW-1 and HMW-2 into E. coli. To confirm an adherence function for HMW-1 and HMW-2 and to examine the effect of HMW-1 and HMW-2 independently of other H. influenzae surface structures, the hmw-l and the hmw-2 gene clusters were introduced into E. coli DH5a. As a control, the cloning vector pT7-7 was also transformed into DH5a. Immunoblot analysis demonstrated that DH5a containing the hmw-l genes expressed a 125-kDa protein, whereas the same strain harboring the hmw-2 genes expressed a 120-kDa protein (data not shown). DH5a containing pT7-7 failed to react with antise-A ...
rum against recombinant HMW-1. Transmission electron microscopy revealed no pili or other surface appendages on any of the E. coli strains (data not shown).
Adherence by the E. coli strains was quantitated and compared with adherence by wild-type nontypable H. influenzae strain 12. As shown in Table 2 and Fig. 3 , adherence by DH5a containing vector alone was <1% of that for strain 12. In contrast, DH5a harboring the hmw-l gene cluster demonstrated adherence levels comparable to those for strain 12.
Adherence by DH5a containing the hmw-2 genes was -6-fold lower than attachment by strain 12 but was increased 20-fold over adherence by DH5a with pT7-7 alone. These results indicate that the HMW-1 and HMW-2 proteins can independently mediate attachment to Chang conjunctival cells. They are consistent with our results with the H. influenzae mutants, providing further evidence that with Chang epithelial cells HMW-1 is a more efficient adhesin than is HMW-2.
Experiments with E. coli HB101 harboring pT7-7, pHMW1-14, or pHMW2-21 confirmed the results obtained with the DH5a derivatives ( Table 2) .
DISCUSSION
Most bacterial diseases begin with microbial colonization of a particular mucosal surface (33) . Disease due to nontypable H. influenzae is believed to involve colonization of the nasopharyngeal epithelium followed generally by spread within the respiratory tract (4 presence of such structures with a capacity for in vitro adherence. Bakaletz et al. (11) reported that upon electron microscopic examination of 60 different clinical isolates of nontypable H. influenzae, all were found to express pili of one morphology or another. However, the presence of pili failed to correlate with the ability to adhere to respiratory mucosal cells or to agglutinate human erythrocytes. More recently, Gilsdorf et al. (16) made similar observations. These workers found that a sizeable number of nontypable H. influenzae isolates possessed structures immunologically similar to the pilins that make up the hemagglutinating pili of H. influenzae type b; however, these structures could not account for adherence to buccal epithelial cells or erythrocyte ghosts. Although the above studies demonstrate the prevalence of nontypable H. influenzae pili, which presumably facilitate the process of colonization, they also suggest the presence of nonpilus adherence factors.
We previously reported the cloning and sequencing of genes from a prototypic nontypable H. influenzae strain that encode two surface-exposed proteins HMW-1 and HMW-2 (23). The two proteins are related to each other and are also both related to filamentous hemagglutinin ofB. pertussis. Because filamentous hemagglutinin has been implicated as an adhesin, we hypothesized that the HMWs might also function as adherence factors. In this study we examined the role of HMW-1 and HMW-2 on in vitro adherence to human epithelial cells. We observed that loss of expression of HMW-1 by the prototypic strain was associated with a decreased capacity for attachment. The combined loss of both HMW-1 and HMW-2 was associated with a further decrease in adherence. Furthermore, laboratory strains of E. coli harboring either the hmw-l gene cluster or the hmw-2 gene cluster were endowed with the adherent phenotype. These results suggest that both HMW-1 and HMW-2 influence binding by the prototypic nontypable H. influenzae strain and that each of these proteins is independently capable of mediating attachment.
In an earlier study, we observed that a group of highmolecular-weight surface-exposed proteins of nontypable H. influenzae are major targets of human serum antibodies (22) . In particular, sera from children recovering from H. influenzae acute otitis media and sera from healthy adults contained antibodies directed against these proteins. We speculate that these HMWs represent products of hmw-l-like and hmw-2-like genes. Consistent with this possibility is the observation that antiserum raised against recombinant HMW-1 protein recognized HMWs in our original series of strains as well as in 75% of a collection of 125 epidemiologically unrelated nontypable H. influenzae isolates (23) . In this study, we have demonstrated that HMW-1 and HMW-2 from strain 12 and the antigenically related proteins from a second strain function as adhesins. We speculate that the related proteins present in other nontypable strains function similarly.
Filamentous hemagglutinin is a 220-kDa surface-associated protein that is crucial for in vitro binding of B. pertussis to ciliated respiratory epithelial cells, a variety of nonciliated mammalian cells, and human monocytes (24) (25) (26) (27) . Studies of this protein demonstrate the presence of at least two binding domains, including one with an affinity for galactose and lactosamine and a second that recognizes an integrin receptor (27, 34) . Although the location of the filamentous hemagglutin carbohydrate-binding site has not yet been defined, interaction with the integrin molecule is known to occur via the peptide triplet Arg-Gly-Asp (RGD) at positions 1097-1099 (27) . Comparison of the predicted amino acid sequences for HMW-1, HMW-2, and filamentous hemagglutinin reveals that the three proteins are most similar at their amino-terminal ends. In addition, the HMW-2 sequence contains an RGD motif from amino acids 785-787. We are presently examining whether the host receptors recognized by HMW-1 and HMW-2 are similar to those for filamentous hemagglutinin.
On the basis of our in vitro results, we speculate that the antigenically related HMWs common to most strains of nontypable H. influenzae represent critical colonization factors. An understanding of the interrelationship of these proteins with other bacterial determinants of pathogenicity should provide important insights into the mechanism by which nontypable H. influenzae produce disease.
